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Abstract 
Solar-driven water splitting over semiconductor photocatalysts is a promising approach for converting solar 
energy into renewable and storable chemical energy. CdS, an efficient photocatalyst for hydrogen evolution, suffers 
from high recombination of photogenerated electron-hole pairs and high photocorrosion in aqueous media, which 
limit its practical applications. Doping and the formation of heterojunctions are two efficient methods to improve the 
photocatalytic activities of photocatalysts. Herein, we rationally designed and fabricated P-doped 0D/2D 
ZnxCd1-xS/g-C3N4 nanocomposites by in-situ immobilizing ZnxCd1-xS onto the surface of g-C3N4 nanosheets in a 
hydrothermal environment, followed by a phosphorization process. The as-prepared P-doped ZnxCd1-xS/g-C3N4 
nanocomposites were systematically characterized by analyzing the phase structure, chemical components, 
electronic and optical properties and separation of charge carriers. More importantly, these P-doped 
ZnxCd1-xS/g-C3N4 heterostructures have been proven to be highly efficient visible light responsive photocatalysts for 
hydrogen evolution, and meanwhile exhibit excellent photo-stability during recycling runs. The sufficient evidence 
exhibit that the significantly improved photocatalytic performance is mainly attributed to the prolonged lifetime of 
charge carriers and the improved separation efficiency of photogenerated electron-hole pairs. 
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1. Introduction 
Since the discovery of photocatalytic water splitting on TiO2 electrodes by Fujishima and Honda in 1972, the utilization of 
solar energy for the alleviation of steadily worsening environmental issues and energy crisis has attracted a lot of research 
interests, and a large number of photocatalytic materials, including metal oxide, metal sulfide, organic compounds, and 
composites, have been developed for various applications such as water splitting, CO2 reduction, wastewater treatment and 
nitrogen fixation [1-5]. However, pure TiO2 demonstrated extremely low photocatalytic activity due to its relatively large band 
gap (3.2 eV for the anatase phase and 3.0 eV for the rutile phase). The limited UV-responsive activity of TiO2 largely inhibits 
its large scale application because UV light makes up just a small part of the total solar spectrum reaching the earth surface. As 
in so doing, to explore and design visible light driven photocatalysts is very important to improve the photocatalytic efficiency 
towards practical applications [6–8]. 
Recently, much research has been focused on the development of visible-light-responsive photocatalysts to take 
advantage of the solar light resources more effectively because visible light constitutes a larger proportion than UV light in 
solar light. In fact, metal chalcogenides due to appropriate band gap width and band edge position have elicited more and more 
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attention in photocatalytic H2 evolution [9]. Especially, CdS with suitable band edge positions and appropriate band gap of 2.4 
eV has been proven to be an efficient semiconductor H2-production photocatalyst and has been extensively studied [10]. 
However, there are several obvious problems that restrict the wide application of CdS to a large extent. In detail, quick 
recombination of photogenerated charge carriers and instability during the photocatalytic reaction owing to photocorrosion, 
where S
2-
 in CdS can be oxidized by photogenerated holes accompanied by the release of Cd
2+ 
[11]. These drawbacks can be 
overcome by elemental doping into CdS lattices, such as Ni, Mn, Zn and P [12-15], and constructing type-II semiconductor 
heterostructures [16-19], due to its effectiveness for spatially separating the photogenerated electron-hole pairs through the 
band alignment between two semiconductors [20, 21]. 
ZnxCd1−xS solid solution, as a hydrogen-producing photocatalyst with superior performance, has been extensively studied 
due to its tunable band structure, which makes it possible to balance the redox ability of photo-induced charge carries and 
absorption of visible light. To date, ZnxCd1−xS solid solution is the most efficient sulfide photocatalyst for hydrogen production 
without any co-catalyst [22, 23]. Unfortunately, the catalytic activity of ZnxCd1−xS solid solution is still limited due to the high 
recombination rate of electron-hole pairs. Metal-free polymeric graphitic carbon-nitrogen(g-C3N4) with suitable band edge 
positions and appropriate band gap has emerged as appealing visible light driven photocatalyst and widely applied in the field 
of photocatalysis due to its simple syntheses, nontoxicity, earth-abundant, and excellent structural stability in the thermal and 
chemical environment [16, 17]. However, the low specific surface area and high recombination rate of photogenerated 
electron-hole pairs originate from the bulk structure and the presence of internal grain boundary, lead to the low photocatalytic 
activity, largely limiting the practical application of bulk g-C3N4 [24, 25]. Based on the band structure of ZnxCd1−xS and 
g-C3N4, Guo et al. combined g-C3N4 and CdxZn1−xS to construct heterojunctions by hydrothermal method, the activity of the 
composite is 1.95 times than that of pure Cd0.5Zn0.5S [26]. Jin et al. reported that water splitting performance of the binary 
Cd0.2Zn0.8S/g-C3N4 composite photocatalyst is about 1.5 times higher than pure Cd0.2Zn0.8S [27]. 
In the present work, we rationally designed and fabricated P-doped 0D/2D ZnxCd1-xS/g-C3N4 nanocomposites by in-situ 
immobilizing ZnxCd1-xS onto the surface of g-C3N4 nanosheets in a hydrothermal environment, followed by a phosphorization 
process. We anticipate that g-C3N4 could act as substrates to develop a suitable heterogeneous interface to promote 
photo-induced interfacial charge transfer. The as-fabricated P-doped ZnxCd1-xS/g-C3N4 nanocomposites and the enhancement 
of photocatalytic activities were systematically characterized by XRD, FESEM, TEM, and electrochemical measurements. 
2. Experimental 
Melamine (C6H6N6), zinc acetate dehydrates (Zn(Ac)2·2H2O), cadmium acetate dehydrates (Cd(Ac)2·2H2O) and 
Thioacetamide (TAA) were bought from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). NaH2PO2·H2O was 
bought from Macklin (Shanghai, China). All reagents were of analytic purity, used without any purification. 
2.1.   Preparation of bulk g-C3N4 
Melamine powder was put into an alumina crucible with a cover and heated to 550°C at a heating rate of 2.3°C/ min and 
maintained at this temperature for 4h. The resulted yellow product was collected and ground into powder for further use. 
2.2.   Preparation of g-C3N4 nanosheets 
The as-prepared bulk g-C3N4 (1g) was mixed with 10 mL of H2SO4 and stirred overnight at room temperature. Then the 
mixture was slowly poured into 150 mL of deionized water and sonicated for exfoliation. The obtained suspension was 
centrifuged, washed thoroughly with deionized water to remove the residual acid, and finally dried at 80°C in air overnight. 
2.3.   Preparation of Zn0.5Cd0.5S/g-C3N4 
50 mg g-C3N4 nanosheets were dispersed completely into a mixed solvent consisting of 50 mL of deionized water by 
ultrasonication, then 1mmol zinc acetate dihydrate (Zn(Ac)2·2H2O), and 1mmol cadmium acetate dihydrate (Cd(Ac)2·2H2O) 




were dissolved into the above suspension, the mixture was stirred magnetically for 2 hours. Subsequently, NaOH aqueous 
solution was added dropwise followed by the addition of 2mmol thioacetamide(TAA), then stirring for 4h at room temperature. 
Then the mixture was transferred to a 100 mL polytetrafluoroethylene-lined stainless autoclave at 180 °C for 12 h under 
autogenous pressure in an electric oven. After cooling down to room temperature naturally, the product was collected, washed 
by water and ethanol for several times, and fully dried at 60 °C to obtain the final Zn0.5Cd0.5S/g-C3N4 nanocomposites, denoted 
as GS. The pure Zn0.5Cd0.5S was prepared with the same method in the absence of g-C3N4. 
2.4.   Preparation of P-doped ZnxCd1-xS/g-C3N4 
The P-doped Zn0.5Cd0.5S/g-C3N4 sample was synthesized using sodium hypophosphite (NaH2PO2·H2O) as the P precursor. 
Typically, Zn0.5Cd0.5S/g-C3N4 and NaH2PO2·H2O were mixed together and finely grind with a mortar. Then, the mixture was 
heated at 300 °C in an N2 atmosphere (a ramp rate of 2 °C/min). After cooling down to room temperature naturally, the product 
was collected, washed by water and ethanol several times, and fully dried at 60 °C overnight, and the samples were denoted as 
PGS. 
2.5.   Catalysts characterization 
The crystal structures and phase states of the photocatalysts were analyzed by X-ray diffractometry using a Bruker D8 
Advance diffractometer with Cu Kα radiation(λ= 0.15418 nm) at an operating voltage of 40kV and an operating current of 
40mA. The morphologies of the samples were observed by field-emission scanning electron microscope (FESEM, Hitachi 
S-4800) with an acceleration voltage of 15.0kV and transmission electron microscope (TEM, JEOL JEM-2100) at an 
acceleration voltage of 200kV. UV–vis diffused reflectance spectra were recorded on an Evolution 220 UV-vis 
spectrophotometer (Thermo Fisher, America) from 200 to 800nm. 
2.6.   Electrochemical measurements 
Electrochemical Impedance Spectroscopy (EIS) and photocurrent measurements were performed in a conventional 
three-electrode on a CHI-760E electrochemical workstation. Ag/AgCl and platinum wire were used as the reference electrode 
and counter electrode, respectively. A 0.5 M Na2SO4 aqueous solution was used as the electrolyte. A 300W Xe lamp equipped 
with a 420nm cut-off filter was employed as a light source. The working electrode was prepared as follow: 4 mg of the 
as-obtained sample and 10μL Nafion solution (5 wt%) were dispersed in 1 mL water-ethanol solution with a volume ratio of 
3:1 by sonicating for 1 h to form a homogeneous slurry. Then 100μ L of the dispersion was loaded onto a 1cm×3cm 
ITO-coated glass substrate with a coating area of 1cm
2
. 
2.7.   Catalysts activity evaluations 
The photocatalytic activities of as-fabricated P-doped Zn0.5Cd0.5S/g-C3N4 nanocomposites were estimated by the 
degradation of Rhodamine B (RhB) dye and hydrogen evolution from water splitting with the exposure of visible light 
irradiation. A 300 W xenon lamp equipped with a cut-off filter of 420 nm was employed as the light source for the 
photocatalytic reaction. During the photodegradation reaction, 20 mg of photocatalysts was totally dispersed into 50 mL 
aqueous solution of RhB dye with an initial concentration of 10 mg/L. Prior to irradiation, the suspension was drastically 
stirred in the dark for 1 h to achieve adsorption-desorption equilibrium between the photocatalysts and RhB. At an interval of 
10 min, 3 mL aliquots were collected, centrifuged, and then analyzed by recording variations at the wavelength of maximal 
absorption (λ= 554 nm) on a UV-vis spectrometer (UV-1201). As for hydrogen generation, 50 mg of the prepared Zn0.5Cd 0.5S, 
GS and PGS were used for measuring the hydrogen evolution from 200 ml 0.35 M Na2S and 0.25 M Na2SO3 aqueous solution 
under visible light irradiation. For g-C3N4, 50mg sample was dispersed into 200 ml aqueous solution containing 
triethanolamine (10 vol%) as a sacrificial electron donor. The photocatalytic system for hydrogen evolution (PLX-10A) was 
evacuated several times to remove the air inside the reaction system prior to irradiation. The evolved hydrogen was analyzed 
by on-line gas chromatography (GC-1690, Jiedao, TCD, Ar carrier). 
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3. Results and Discussion 
The typical XRD patterns of g-C3N4 bulk, g-C3N4 nanosheets, Zn0.5Cd0.5S/g-C3N4, and P-doped Zn0.5Cd0.5S/g-C3N4 
nanocomposites were illustrated in Fig. 1(a) and (b). The g-C3N4-bulk exhibit two obvious characteristic diffraction peaks 
located at 13.1° and 27.4°, which could be ascribed to (100) and (002) diffraction plane of graphitic carbon nitrogen, separately 
representing the in-plane structural packing motif and inter-planar stacking peak of aromatic systems [28]. It is found that the 
(002) diffraction at around 27.4°relating to the characteristic interlayer stacking structure is shifted to 27.9°, indicating that the 
bulk g-C3N4 was exfoliated into nanosheet. The XRD patterns of Zn0.5Cd0.5S/g-C3N4 and P-doped Zn0.5Cd0.5S/g-C3N4 
nanocomposites display similar characteristic diffraction peaks, it is noticeable that the main three diffraction peaks of P-doped 
Zn0.5Cd0.5S in the range of 24.5-30°slightly shift to smaller diffraction angles after P doping, implying the appearance of lattice 
expansion after P doping. 
  
(a) Bulk g-C3N4 and g-C3N4 nanosheet (b) GS and PGS 
Fig. 1 XRD patterns of the as-prepared samples 
The in-situ growth strategy for preparing the composite is schematically illustrated in Fig.2. A previous electrophoresis 
experiment illustrated that g-C3N4 is negatively charged when it is dispersed in water because of the deprotonation of amine 




 can be tightly 







 to generate Zn0.5Cd0.5S NPs. As a result, the Zn0.5Cd0.5S particles are well deposited on g-C3N4 nanosheets, and a 
Zn0.5Cd0.5S/g-C3N4 composite is obtained. The P-doped Zn0.5Cd0.5S/g-C3N4 nanocomposites can be obtained by the 
phosphorization of Zn0.5Cd0.5S/g-C3N4 using NaH2PO2 as P source. 
 
Fig. 2 Schematic of the in-situ fabrication of the P doped Zn0.5Cd0.5S/g-C3N4 composite 
The morphology of the as-prepared samples was investigated by SEM and TEM as shown in Fig. 3. Fig. 3(b) is a typical 
TEM image of pure Zn0.5Cd0.5S nanoparticles with a size of about 20nm. Fig. 3(c) shows the TEM pattern of 
Zn0.5Cd0.5S/g-C3N4, which exhibits a 0D/2D nanostructure and g-C3N4 with length and width of 400nm and 800nm, 
respectively. Fig. 3(a) and Fig. 3(d) are SEM and TEM images of P-doped Zn0.5Cd0.5S/g-C3N4, respectively. A fluffy structure 
can be clearly observed. These features could provide an appropriate location for developing 0D/2D heterostructure, similar to 
Zn0.5Cd0.5S/g-C3N4, indicating that the doping of P didn’t change the morphology of the original Zn0.5Cd0.5S/g-C3N4. 






(a) SEM of P-doped Zn0.5Cd0.5S/g-C3N4 (b) TEM of Zn0.5Cd0.5S 
  
(c) TEM of  Zn0.5Cd0.5S/g-C3N4 (d) TEM of P-doped Zn0.5Cd0.5S/g-C3N4 
Fig. 3 Morphology of the as-prepared samples 
The optical properties of as-obtained Zn0.5Cd0.5S, g-C3N4 nanosheets, Zn0.5Cd0.5S/g-C3N4 as well as P-doped 
Zn0.5Cd0.5S/g-C3N4 nanocomposites were characterized by UV-vis diffuse reflectance spectra (UV-vis DRS) and displayed in 
Fig. 4. It is clearly seen that pure Zn0.5Cd0.5S possess strong ability towards light absorption from the UV range to the visible 
light region up to 531 nm, while the absorption threshold of pure g-C3N4 nanosheets is only about 422 nm. The introduction of 
g-C3N4 nanosheets has an obvious effect on the optical property of Zn0.5Cd0.5S. Remarkably, the obtained binary catalyst shows 
a small absorption blue-shift as a comparison to pure Zn0.5Cd0.5S. Such result may be ascribed to the interaction between the 
Zn0.5Cd0.5S and g-C3N4 nanosheets and improved light scattering resulted from the smaller particle sizes of Zn0.5Cd0.5S in 
Zn0.5Cd0.5S/g-C3N4 nanocomposites [30]. After the doping of P, the absorption edge almost shifts to 680nm, the possible reason 
is that the heterojunction formed between Zn0.5Cd0.5S and g-C3N4 nanosheets may effectively decrease contact barrier and 
strengthen electronic coupling of the semiconductors, thus resulting in the enhanced visible light absorption, leading to the 
enhancement of photocatalytic activities. 
 
Fig. 4 UV-vis diffuse reflectance spectra of the as-obtained samples 
The photocatalytic activity of the as-prepared samples was firstly evaluated by degradation of RhB pollutant under visible 
light irradiation. As shown in Fig. 5,we can find that negligible photodegradation is detected in the blank experiment in the 
absence of photocatalyst, indicating the high stability of RhB under this experimental condition. Therefore, we can rule out the 
effect of dye self-degradation on evaluating the photocatalytic ability. After visible light irradiation for 60min, only 15% and 
50% of RhB can be removed by g-C3N4 nanosheets and Zn0.5Cd0.5S, respectively. However, under the same conditions, about 
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70% RhB can be degraded by Zn0.5Cd0.5S/g-C3N4, and nearly 97% of RhB can be removed by P-doped Zn0.5Cd0.5S/g-C3N4 
within 30min. The obvious enhancement of photocatalytic activity may be attributed to the heterojunction formed between 
Zn0.5Cd0.5S and g-C3N4 as well as the doping of P. 
 
Fig. 5 The photocatalytic degradation of RhB by the as-prepared samples 
Moreover, the photocatalytic activity for hydrogen generation with different samples from an aqueous solution containing 
0.35 M Na2S and 0.25 M Na2SO3 was evaluated under visible light irradiation. As can be seen from Fig. 6, the bare g-C3N4 NSs 





The low photocatalytic activity may be ascribed to the faster recombination of photo-generated holes and electrons due to the 
presence of interior defects created during the high-temperature preparation route [24]. Compared with bare g-C3N4 NSs, 
benefiting from the narrow bandgap and appropriate band edges, the pure Zn0.5Cd0.5S NPs showed excellent photocatalytic 




. Interestingly, both Zn0.5Cd0.5S/g-C3N4 and P-doped 
Zn0.5Cd0.5S/g-C3N4 exhibit improved photocatalytic activity for hydrogen generation. Their corresponding H2 production rates 
(Fig. 6b) are determined to be 2660.82 μmol g-1 h-1 and 2880.83 μmol g-1 h-1 for Zn0.5Cd0.5S/g-C3N4 and P-doped 
Zn0.5Cd0.5S/g-C3N4, respectively. The significant enhancement of photocatalytic activities for photocatalytic water splitting 
could be ascribed to the synergetic effects of P doping and a close heterogeneous interface constructed between Zn0.5Cd0.5S 
NPs and g-C3N4 NSs, which induce the faster separation of photo-generated electrons and holes, thus improving the 
photocatalytic performances. 
  
(a) Photocatalytic hydrogen evolution (b) hydrogen production rate over different catalysts 
Fig. 6 Photocatalytic activity for hydrogen evolution 
Generally, phase structure, morphology, light absorption intensity, the separation efficiency of photo-generated carrier 
charge pairs, etc. play important roles in deciding the photocatalytic activities [31-35]. However, the similar phase structure 
and morphology, the decreased light absorption indicate that these factors are not responsible for the significant enhancement 
of the photocatalytic performances. Fig. 7(a) shows the photocurrent response of the different samples with the exposure of 
discontinuous visible light. It can be clearly seen that PGS exhibits the highest photocurrent density among all the as-prepared 
samples, which implies that the photoinduced charge carriers can be separated efficiently after phosphorization. The efficient 
charge transfer was further confirmed by the Electrochemical Impedance Spectra (EIS) analysis as shown in Fig. 7(b). The EIS 




Nyquist plots reveal that the prepared PGS possesses a smaller semicircle in comparison with those of its counterparts, 
suggesting that the phosphorization process can enhance the separation and transfer efficiency of the charge carrier pairs. 
  
(a) Transient photocurrent–time (I–t) curves (b) EIS Nyquist plots of different samples 
Fig. 7 Photoelectrochemical tests of the as-prepared samples 
4. Conclusions 
In summary, the novel P-doped Zn0.5Cd0.5S/g-C3N4 heterostructured photocatalysts have been synthesized by in-situ 
deposition of Zn0.5Cd0.5S nanoparticles on the surface of g-C3N4 nanosheets, followed by a phosphorization process. The 
as-prepared P-doped Zn0.5Cd0.5S/g-C3N4 composites in this work have been proved to be a better photocatalytic system than 
Zn0.5Cd0.5S/g-C3N4, and exhibit enhanced photocatalytic activity for RhB degradation and hydrogen evolution under visible 
light irradiation. The enhancement of photocatalytic activity, on the one hand, is mainly attributed to the unique property of 
g-C3N4 nanosheets, such as large surface areas and improved electron transportability. On the other hand, it also results from 
the synergetic effect of P doping and closes heterogeneous interface constructed between Zn0.5Cd0.5S NPs and g-C3N4 NSs, 
which induce the faster separation of photo-generated electrons and holes. This work may provide a new possibility to further 
improve the performances of g-C3N4-based photocatalysts, and facilitates their applications in solar energy utilization and 
conversion. 
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